Nonsense-mediated mRNA decay (NMD) is an mRNA surveillance mechanism that plays integral roles in eliminating mRNAs with premature termination codons to prevent the synthesis of truncated proteins that could be pathogenic. One response to the accumulation of detrimental proteins is apoptosis, which involves the activation of enzymatic pathways leading to protein and nucleic acid cleavage and culminating in cell death. It is not clear whether NMD is required to ensure the accurate expression of apoptosis genes or is no longer necessary since cytotoxic proteins are not an issue during cell death. The present study shows that caspases cleave the two NMD factors UPF1 and UPF2 during apoptosis impairing NMD. Our results demonstrate a new regulatory pathway for NMD that occurs during apoptosis and provide evidence for role of the UPF cleaved fragments in apoptosis and NMD inhibition.
During apoptosis, specific gene networks and proteincleavage programs are activated sending the cells on a death spiral [3] [4] [5] through a family of cysteine-aspartate proteases (caspases). 6 Caspases are classified by their role in the apoptotic pathway, into (i) initiator caspases (such as caspases2, 8, 9 and 10) or (ii) effector caspases (such as caspases3, 6 or 7). 7 Initiator caspases cleave the inactive precursor of the effector caspases (pro-caspases) into their active forms. Effector caspases are then responsible for cleaving protein targets to interfere with cellular processes, and in particular, with the activation of some endonucleases that degrade genomic DNA.
Throughout the process of mRNA maturation, numerous quality control mechanisms verify the integrity of the information carried by mRNAs. One of these, nonsense-mediated mRNA decay (NMD), leads to the rapid decay of mRNAs harboring a premature termination codon (PTC) to prevent the synthesis of non-functional and/or potentially detrimental truncated proteins. [8] [9] [10] In addition to its role in quality control, NMD also regulates gene expression of so-called natural substrates of NMD. [11] [12] [13] [14] [15] Proteins that have a central role in NMD, such as UPF1, UPF2, UPF3/UPF3a and UPF3X/UPF3b are highly conserved from yeast to human. The requirement for these UPF proteins in NMD is illustrated by the fact that the downregulation of any one of them results in an inhibition of NMD. 16, 17 NMD is a necessary component in the development and maintenance of healthy cells and organisms. For example, UPF1 is an essential gene since the inactivation of UPF1 protein leads to an early embryonic death in mouse, 18 thus implicating NMD as a critical proofreading and/or regulatory component in early organismal development. However, the question of whether NMD is required after cells have committed to proceed along a pathway that culminates in cell death has not been investigated. To address this question, NMD efficiency was studied during apoptosis. The studies presented here show that NMD factors UPF1 and UPF2 are cleaved by caspases 3 and 7 during apoptosis. The functional consequences of these cleavages are a general shutdown of NMD activity leading to stabilization of both PTC-containing mRNAs and natural substrates of NMD, and also the production of caspase-cleaved UPF fragments that induce apoptosis and inhibit NMD.
Results
UPF proteins are cleaved during apoptosis. Since apoptosis effectors such as caspases target various proteins, 19 studies were carried out to investigate the possibility that components of the NMD system could themselves be targets. Putative caspase-cleavage sites in UPF proteins were identified using the Support Vector Machine technology for predicting caspase substrate cleavage sites. 20 Several putative caspase-cleavage sites are present in human UPF proteins (Supplementary Figure S1 ). This suggests that these proteins could be targeted by caspases during apoptosis.
To determine if UPF proteins are targeted for degradation during apoptosis, the detection of the full-length proteins and putative UPF cleavage fragments was assessed in apoptotic cells. HeLa cells, incubated with increasing amounts of staurosporine, 21, 22 were assayed for the rate of apoptosis after 24 h by quantifying the incorporation of annexin V and propidium iodide into the cells (Figure 1a ). This shows that treatment with 2 or 4 μM staurosporine results in~50% apoptotic cells. At higher staurosporine concentrations, killing was much quicker and more extensive and therefore unsuitable for further NMD efficiency analysis (data not shown). Subsequent studies used 2 μM staurosporine as a working concentration combined with a 24 h exposure.
Next, caspase activation was evaluated by using caspase cleavage of PARP or caspase3 (Figure 1b ) and the level of UPF proteins was assessed (Figure 1c ). UPF1 and UPF2 protein levels were lower in cells treated with staurosporine compared with those exposed to DMSO. An about 110 kDa UPF1 cleavage fragment was detected in staurosporine-treated extracts using an anti-UPF1 antibody, raised against the C-terminus of UPF1, that could correspond to a C-terminal fragment generated upon cleavage at the putative caspase-cleavage sites EFTD 37 or DEED 111 (Supplementary Figure S1) .
Western-blot analysis of UPF2 protein with an antibody recognizing the amino terminal residues identified a new UPF2 isoform of about 75 kDa in staurosporine-treated cells (Figure 1c ). This UPF2 isoform could correspond to a N-terminal fragment generated by a cleavage either after DLID 585 or MHLD 741 (Supplementary Figure S1) . UPF3X level was not affected and additional fragments were not detected by staurosporine treatment even though there are at least two putative canonical caspase-cleavage sites present in this protein (Figure 1c and Supplementary Figure S1 ). Overall, the results show that staurosporineinduced apoptosis reduced the level of UPF1 and UPF2 proteins suggesting a possible inhibition of NMD during apoptosis. Specifically, the putative UPF1 caspase-cleavage site would separate the N-terminal conserved region of UPF1, shown to be essential for the function of UPF1 in NMD, 23 from the rest of the protein (Figure 2 ). Little is known about the role of UPF2 in NMD; however, a recent study has shown that the first and/or the second MIF4G domains of UPF2 are essential for NMD. 24 Given that the UPF2 caspase-cleavage site is predicted to be located in the second MIF4G making UPF2 nonfunctional during apoptosis (Figure 2 ).
To identify of the UPF protein species detected by westernblot in the presence of staurosporine, UPF1 or UPF2 were targeted with short interfering RNA (siRNAs) and almost abolished UPF1 or UPF2 related bands, respectively, but not the nonspecific bands (Supplementary Figure S2A) .
To evaluate if UPF1 and UPF2 protein cleavage was restricted to staurosporine, other apoptosis activators were assessed (Supplementary Figure S2B) . These studies showed that anisomycin, etoposid, AA2 and cisplatin also promote cleavage of UPF1 and UPF2, indicating that the effect of staurosporine is a generalized feature of apoptosis inducers (Supplementary Figures S2B and S5) .
A caspase inhibitor prevents UPF factors cleavage during apoptosis. To investigate the possible role of caspases in the cleavage of NMD factors UPF1 and UPF2 during apoptosis, HeLa cells were incubated with staurosporine in the presence or in the absence of zVAD-fmk, a pan-caspase inhibitor. As expected, staurosporine-induced apoptosis and caspase activation were reversed in the presence of the zVAD-fmk (Figure 3b ). To demonstrate that caspases are responsible for the cleavage of NMD factors UPF1 and UPF2 after staurosporine treatment, the levels of UPF1 and UPF2 proteins in cells incubated with or without zVAD-fmk were analyzed by western-blotting ( Figure 3c ). As expected (Figure 1 ), staurosporine treatment decreased the levels of UPF1 and UPF2 and showed the appearance of UPF1 and UPF2 cleavage products (Figure 3c ). In contrast, in the presence of staurosporine and zVAD-fmk, the levels of UPF1 and UPF2 were almost identical to those in the presence of the DMSO, and no cleavage products were detected (Figure 3c ). Overall, these results indicate that caspases are responsible for the cleavage of UPF1 and UPF2 during apoptosis.
Caspase3 and caspase7 can cleave UPF1 and UPF2. To identify the caspases responsible for UPF1 and UPF2 cleavage, HeLa-cell extracts were incubated with purified caspases3, 6, 7, 8 or 9. The results indicate that UPF1 and UPF2 levels were reduced in the presence of caspase3 (Figure 4 ). Consistent with fragments generated during apoptosis (Figures 1 and 3) , a shorter isoform of UPF1 of about 110 kDa, and the cleavage product of UPF2 of about 75 kDa, were also detected after treatment of the HeLa-cell extract with caspase3.
Although the amount of full-length UPF1 and UPF2 proteins decreased in the presence of caspase7, no cleavage fragments were detected. This suggests that UPF cleavage fragments generated by caspase7 are unstable. Nevertheless, the results presented in Figure 4 indicate that UPF1 and UPF2 are targeted by caspase3 and/or caspase7 suggesting that NMD can be inhibited during apoptosis.
NMD is inhibited during staurosporine-or AA2-induced apoptosis. To characterize the functional consequences of UPF1 and UPF2 cleavage during apoptosis, the efficiency of NMD was first measured in HeLa cells. Cells were transfected with β-globin gene expression vectors encoding mRNA that was either wild-type (Norm) or harbored a nonsense mutation at codon 39 (Ter) which is an NMD target. 25, 26 After a 24 h exposure to 2 μM staurosporine or DMSO, the level of globin Ter mRNA in the cells was about three times higher in the presence of staurosporine than in the presence of DMSO (Figure 5a ). These results indicate that NMD is inhibited during apoptosis induced by staurosporine.
The efficiency of NMD during apoptosis was also evaluated in cell lines that produce an endogenous mutated mRNA targeted for NMD. Immortalized cystic fibrosis airway epithelial cells, IB3 harboring the W1282X nonsense mutation in CFTR gene or, alternatively, 6CFSMEo-harboring the Q2X nonsense mutation in CFTR gene (Supplementary Figure S3 ) 27, 28 were also assayed. We first determined that 2 μM staurosporine was the lowest concentration that provided efficient apoptosis in each cell line (Supplementary Figure S3A ) even though this level of apoptosis is about two-fold less than that obtained in HeLa cells. Under these conditions, CFTR mRNA levels were about 2.5 to 4 fold higher in the presence of staurosporine than in the presence of DMSO (Supplementary Figure S3B) . Inhibition of NMD in the presence of staurosporine was even greater than that observed in the presence of amlexanox, a recently identified NMD inhibitor. 29 To evaluate whether the staurosporine effect observed on PTC-containing mRNAs was not the result of a general increase in transcription, the level of CFTR pre-mRNA was assayed and shown not to significantly change in the presence of staurosporine (Supplementary Figure S4) . Overall, these results demonstrate that NMD can be inhibited in several cell-types during staurosporine-induced apoptosis. Due to the higher level of apoptosis measured in HeLa cells when compared with that in IB3 and 6CFSMEo-cells, further experiments were performed in HeLa cells.
Since NMD is inhibited during apoptosis, studies were undertaken to determine whether natural substrates of NMD were also stabilized during apoptosis. The mRNA levels of three different natural NMD substrates (SC35, NAT9 and TBL2) [11] [12] [13] were measured in cells incubated with staurosporine or DMSO. The mRNA levels of these substrates were compared to the level of three reference mRNAs that are not subject to NMD (GAPDH, Actin or RPL32). The level of the three natural substrates of NMD showed a two to four-fold of increase compared to the level of the three reference mRNAs (Figure 5b ). This result shows that the NMD regulation occurring on natural substrates of NMD is also inhibited during apoptosis.
To demonstrate the involvement of caspases in the inhibition of NMD during apoptosis, NMD efficiency was assessed in the presence of zVAD-fmk. The Figure 6 shows that NMD inhibition under staurosporine treatment was also reversed in the presence of zVAD-fmk. It is noteworthy that the presence of the zVAD-fmk alone had no effect on NMD efficiency when apoptosis is not activated, likely because caspases are not in play ( Figure 6 ).
To exclude the possibility that UPF1 and UPF2 cleavage, and NMD inhibition observed during apoptosis is an indirect effect related to staurosporine exposure, NMD was evaluated after exposure to the AA2 apoptosis inducer. 30 AA2 activates caspases in a cytochrome c-dependent manner to potentiate apoptosis. After a 16 h exposure to 50 μM AA2 more than 20% of the HeLa cells went through apoptotic cell death (Supplementary Figure S5A) . Under these conditions, the level of exogenous Globin Ter mRNA was about four-fold higher than in vehicle-treated cells (Supplementary Figure  S5B) . AA2 exposure also caused a decrease of the full-length UPF1 and UPF2 proteins, and the appearance of caspasecleavage products, thereby demonstrating that different inducers of apoptosis can also inhibit NMD (Supplementary Figure S5C) .
Caspase cleavage fragments from UPF1 or UPF2 are inducers of apoptosis and/or NMD inhibitors. The presence of cleaved UPF1 or UPF2 fragments during apoptosis in cells treated with staurosporine or AA2 raises the question of their role in NMD inhibition and/or in apoptosis. The specific identity of the caspase-cleavage sites in the UPF1 and UPF2 proteins was determined by mutating aspartic acid to asparagine at positions 37 or 111 in UPF1 and 585 or 741 in UPF2 to block caspase-cleavage. CFP-tagged constructs were used in order to discriminate full-length proteins and their cleavage products from their endogenous counterparts. Overexpression of the wild-type or D111N UPF1 transgene, showed a baseline presence of the UPF1 cleavage fragment that increased with staurosporine. No cleavage fragment was detected with the D37N UPF1 construct (Figure 7a ). With regard to UPF2, the caspase-cleavage product was not detected under any conditions by using the CFP-UPF2 constructs for reasons that remain unclear. A decrease in CFP-UPF2 protein was observed with the wild-type or the D585N UPF2 construct, while no decrease was observed with the D741N UPF2 construct (Figure 7b ). These results indicate that the caspase-cleavage site is located at position 37 in UPF1 and at position 741 in UPF2 (Figure 7) .
To evaluate the impact of N-or C-terminal UPF1 or UPF2 fragments generated by caspase-cleavage on apoptosis, HeLa cells were transfected with an expression vector encoding a CFP-fusion peptide with the N-terminal part of UPF1 (CFP-UPF1-Nter), C-terminal part of UPF1 (CFP-UPF1-Cter), N-terminal part of UPF2 (CFP UPF2-Nter) or the C-terminal part of UPF2 (CFP UPF2-Cter) corresponding to each UPF1 or UPF2 caspase-cleaved fragments. The expression level of each exogenous caspase-cleaved UPF protein fragments was assessed by western-blotting analysis 48 h after transfection (Supplementary Figure S6) . At the expression levels of exogenous UPF1 or UPF2 fragments indicated there was about 10-fold increase in apoptosis in cells expressing the N-terminal caspase-cleavage fragment from UPF1 or UPF2, while cells expressing the C-terminal fragments or the full-length UPF1 or UPF2 proteins showed no such increase (Figure 8a ). These results suggest that the N-terminal caspase-cleaved fragment from both UPF proteins promote apoptosis.
To determine the contribution of UPF caspase-cleavage fragments to the rate of staurosporine-induced apoptosis, UPF1 or UPF2 were downregulated with siRNAs (Supplementary Figure S7) . Although, UPF1 or UPF2 caspase-cleavage fragments were not detectable in the presence of UPF1 or UPF2 siRNAs, respectively, the rate of staurosporine-induced apoptosis remains unchanged even though the downregulation by itself of UPF1 or UPF2 by siRNAs induces apoptosis (Supplementary Figure S7B) , suggesting that the production of UPF1 and UPF2 apoptotic cleavage fragments have only a modest role in cell death.
To assess the effect of the caspase UPF1 and UPF2 cleaved fragments on NMD, HeLa cells were transfected with vectors encoding Globin Norm or Ter, MUP and one of the caspase-generated N-or C-terminal fragments, or the fulllength UPF1 or UPF2 (Figure 8b ). Assessment of NMD showed about 2-3-folds NMD inhibition in cells expressing either the C-terminal fragment of UPF1 or the N-terminal fragment of UPF2. The dominant negative interference of the C-terminal fragment of UPF1 on NMD is consistent with a previous report. 23 Interestingly, the N-terminal UPF2 fragment shows the capacity of both inducing apoptosis and inhibiting NMD.
Assessment of NMD inhibition during apoptosis in vivo.
Our previous results indicate that NMD is inhibited as a consequence of activating the cell-intrinsic apoptotic pathway. To generalize these results we interrogated whether the activation of the cell-extrinsic (death receptor) apoptotic pathway is also able to inhibit NMD and whether the shutdown of NMD can occur in vivo. Mice were injected with an agonistic anti-Fas antibody to ligate the Fas death receptor and initiate cell-extrinsic apoptosis in hepatocytes as previously described. 31 The impact of hepatic apoptosis on NMD was assessed through the analysis of liver mRNAs and proteins after anti-Fas antibody exposure. The apoptotic status of hepatocytes was monitored by the presence of cleaved caspase3 (Figure 9a) . The in silico analysis of mouse UPF sequences shows that the caspase-cleavage sites identified for UPF1 and UPF2 are conserved between mice and human (Supplementary Figure S1) . In apoptotic livers, a decrease was observed in the level of UPF1 protein, without a corresponding decrease in UPF3X (Figure 9a ). UPF1 cleavage products were not detected, suggesting that they may be more unstable in vivo than in vitro or that the apoptosis was too massive and the UPF cleavage fragments are already degraded at the time of the cell harvesting. Analysis of UPF2 levels was not possible, since none of the UPF2 antibodies used could detect mouse UPF2 protein (data not shown).
NMD efficiency in mice was measured by exploiting the conservation of the alternative splicing between human and mouse at intron 3 of the mouse Srsf7 gene. 15, 32 The retention of intron 3 in Srsf7 mRNA introduces PTCs recognized by NMD. 15, 32 Quantification of the alternative Srsf7 transcripts in mice exposed to anti-Fas antibody showed a five-fold increase in intron 3-containing mRNA transcript compared with mice injected with saline ( Figure 9b ). General inhibition of splicing during apoptosis can be excluded since retention of intron 4 in Srsf7 mRNA was not detected in the PCR amplification product encompassing intron 3 to exon 5 used in this analysis (Figure 9b) . Overall, the results in Figure 9 indicate that NMD is inhibited during apoptosis both in vitro and in vivo. 
Discussion
During apoptosis, caspases target a wide panel of proteins to promote cell death. In silico prediction programs reveal putative caspase-cleavage sites in UPF proteins encoding key NMD factors (Supplementary Figure S1) , and we experimentally demonstrate that UPF1 and UPF2 but not UPF3X are cleaved during staurosporine-induced apoptosis (Figure 1 ). These cleavages are prevented when the pancaspase inhibitor zVAD-fmk is added in the presence of staurosporine, indicating that caspases are responsible for the cleavage of UPF1 and UPF2 during apoptosis (Figure 3) . In vitro results implicate caspase 3 at least in mediating UPF1 and UPF2 cleavage (Figure 4 ). Due to the central role of UPF proteins in NMD, the functional consequence of the cleavage of NMD factors UPF1 and UPF2 is the inhibition of NMD, as demonstrated for transfected as well as for endogenous nonsense mutation-containing genes and natural substrates of NMD in different cell lines ( Figure 5 and Supplementary Figure S3 ). Moreover, staurosporine-induced NMD inhibition was reversed with the pan-caspase inhibitor, zVAD-fmk ( Figure 6 ). These findings are further reinforced by the use of AA2, which confirmed the cleavage of UPF1 and UPF2 (Supplementary Figure S5) . Together, these results indicate that both staurosporine and AA2 represent two new nonspecific NMD inhibitors. More importantly, this study demonstrates that the inhibition of NMD observed during apoptosis in cultured cells also extends to tissues undergoing apoptosis in vivo (Figure 9 ). It was particularly noteworthy that UPF1 and UPF2 were targeted by caspases, while UPF3X was not, despite the presence of putative caspase-cleavage sites in UPF3X (Supplementary Figure S1) . Targeting UPF1 to efficiently inactivate NMD is reasonable since all NMD pathways are unified by their requirement for UPF1, unlike UPF2. 33 The targeting of UPF2 by caspases suggests that either UPF2 has a more central role in NMD than previously thought or other functions of UPF2 unrelated to its role in NMD must be inhibited for apoptotic cell death to progress. It is possible that there are other NMD-related proteins, such as SMG proteins or EJC components targeted by caspases to ensure the complete arrest of NMD. For example, proteins from the translation initiation complex have been shown to be targeted by caspases during apoptosis to block more than 60% of the protein synthesis. 34 Among these proteins, eIF4G which has a central role in the pioneer round of translation through its interaction with PABPC1 and CBP80, is targeted and inactivated by caspase3. 35 The work presented here shows that UPF1 and UPF2 cleavage occurs at positions D37 and D741, respectively ( Figure 7 ) not only to inactivate both NMD factors per se but also to generate fragments that induce apoptosis (Figure 8a) . However, this contribution to apoptosis appears to be modest and is likely due to the wide spectrum of caspase targets that influence apoptosis. [3] [4] [5] Further investigations will be necessary to elucidate the mechanism underlying the induction of apoptosis by these UPF cleavage fragments, to identify the proteins that bind these fragments and in particular the highly conserved N-terminal UPF1 fragment for which there is, as yet, no clear function. With respect to UPF2, specific functions have not been correlated with the different regions of UPF2 other than the interaction domain in the C-terminal region with UPF1 and SMG1. 24 This C-terminal region partially retains the UPF2 function in NMD and is consistent with findings showing a dominant negative effect of the N-terminal caspasecleavage UPF2 fragment on NMD, which is not observed with the C-terminal caspase-cleavage fragment ( Figure 8 ). Our study shows that the N-terminal part of UPF2 has the dual property to induce apoptosis and to inhibit NMD making this region of interest to understand the function of the fulllength UPF2.
During apoptosis, various pathways that ultimately lead to cell death are either inhibited or activated. NMD no longer appears to be required during apoptosis, given that the level of PTC-containing mRNAs increase in the presence of apoptosis activators ( Figures 5,6 and 9 and Supplementary Figures S3  and S5 ). The levels of natural substrates of NMD are also upregulated during apoptosis (Figure 5b and Figure 9b ) which could promote apoptosis by allowing the expression of toxic proteins.
In this study, the results show a bidirectional link between NMD and apoptosis in the sense that apoptosis induces NMD inhibition and caspase-cleaved UPF fragments promote apoptosis. The induction of apoptosis by NMD inhibition has previously been demonstrated during embryogenesis in particular. Apoptosis, as well as NMD, is essential during embryogenesis, and is involved in removing unnecessary cells to help shape and define tissues 36 and organs. NMD is likely involved in degrading inaccurate mRNAs that could interfere with the normal developmental program. In the event of a molecular dysfunction, such as NMD arrest during embryogenesis, apoptosis and eventually embryonic lethality can occur. For instance, the absence of UPF1 in 3.5 days post coitum (dpc) results in blastocysts death by apoptosis, 18 while the lack of SMG1 leads to embryonic death at day 8.5 dpc by apoptosis. 37 However, NMD inhibition in vivo does not always lead to activation of apoptosis. This is illustrated by the UPF2 knock-out mice that do not undergo apoptotic embryonic death. 38 Other examples include NMD inhibition by amlexanox where there is no effect on cell viability, 29 or more recently, by a new set of NMD inhibitors targeting the interaction between UPF1 and SMG7 proteins with a low cellular toxicity. 39 Whether NMD inhibition can activate apoptosis might be dependent on the degree of NMD inhibition.
The data presented here demonstrate that apoptosis regulates NMD in addition to other already identified molecular pathways such as miRNAs, Staufen-mediated mRNA decay or the response to stress (for review see Karam et al. 10 ). The data also raise the question of whether there are other cell death pathways that promote NMD inhibition. For example, apoptotic-like programed cell death does not involve caspases activation, but rather an apoptosis-inducing factor. 40 Recent studies have also suggested that inhibition of NMD can lead to autophagy; 41 however, whether NMD is inhibited during distinct autophagic inductions has yet to be determined. Cell death by necrosis is yet another mechanism that involves a family of proteases, the calpains rather than caspases. It would therefore be of interest to assess whether NMD is also active during these other cell death pathways. qRT-PCR analysis. qRT-PCR analysis was performed as previously described. 29, 44 The list of primer sequences used in this study is: Globin (sense: 5′GGACGAGCTGTACAAGTATC3′, antisense:5′GGGTTTAGTGGTACTTGTGAGC3′), MUP (sense: 5′CTGATGGGGCTCTATG3′, antisense: 5′TCCTGGTGAGAAGTC TCC3′), CFTR mRNA (sense: 5′GGCCAGAGGGTGGGCCTCTT3′, antisense: 5′AGGAAACTGTTCTATCACAG3′), CFTR pre-mRNA (sense: 5′TTGATGCC TAGAGGGCAGAT3′, antisense 5′TGTCAAAGGGATTGGGAGGG3′), SC35 (sense: 5′CCTCTTAAGAAAATGCTGCGGTCTC3′, antisense: 5′ATCAGCCAAATCAGTT AAAATCTGC3′), NAT9 (sense: 5′ATTGTGCTGGATGCCGAGA3′, antisense: 5′ ACCTAGCGTGGTCACTCCGTA3′), TBL2 (sense: 5′GCAGTCATTTACCACATGC3′, antisense: 5′TATTGTTTCTGCTTCTTGGAT3′), GAPDH (sense: 5′CATTGACCT CAACTACATGG3′, antisense: 5′GCCATGCCAGTGAGCTTCC3′), Actin (sense: 5′ATGAGGTAGTCAGTCAGGTCCC3′, antisense: 5′CAGAAGGATTCCTATGTG GGCG3′), RPL32(sense:5′TTGACAACAGGGTTCGTAG3′, antisense: 5′TTCTTGGAG GAAACATTGTG3′), mouse SRSF7 (sense (intron 3): 5′CTTCGTTTGAGTCAGT CGCC3′, antisense (exon 5): 5′AAGCTGATCTTGATCTACG3′).
Western-blot analysis. Proteins were extracted in lysis buffer (50 mM Tris pH7, 20 mM EDTA and 5% SDS) and then loaded on a 10% SDS-PAGE (except UPF1 which was loaded on 6% SDS-PAGE). After migration, proteins were transferred to a nitrocellulose membrane. The membrane was incubated with a primary antibody overnight at 4°C and then with a secondary antibody coupled to HRP activity (Jackson Immuno Research, West Grove, PA, USA) at 4°C for 2 h. Finally, proteins were detected using SuperSignal West Femto Maximum Sensitivity Substrate (Pierce-Biotechnology, Rockford, IL, USA). Primary antibodies used were: rabbit anti-hUPF1 at 1/5000 (Abcam, Paris, France), rabbit anti-hUPF2 at 1/5000 (antibody raised against the following synthetic peptide: H2N-MPA ERK KPA SME EKD C-CONH2 (Eurogentec, Angers, France)), rabbit anti-UPF3X at 1/5000 (Aviva Systems Biology, San Diego, CA, USA), rabbit anti-PARP at 1/1000 (Santa Cruz Biotechnology), rabbit cleaved Caspase-3 (Asp175) at 1/1000 (Cell Signaling Technology, Leiden, The Netherlands), rabbit anti-tubulin at 1/1000 (Epitomics, Burlingame, CA, USA), mouse anti-eIF4E at 1/200 (Santa Cruz Biotechnology) and rabbit anti-GFP at 1/5000 (Sigma-Aldrich).
Apoptosis assays. Apoptosis was measured according to the manufacturer's protocol (Life Technologies, Saint Aubin, France) using the Tali Apoptosis Kitcontaining annexin V Alexa Fluor 488 and propridium iodide. Measurements were
